Abstract. In arid environments, protist diversity is higher in soil covered by vegetation than in bare soil and is also likely to vary in line with the marked seasonal patterns; however, these patterns have not been explored in detail in arid zones. Herein, we used culture -and morphological-based approaches to describe patterns of amoeboid protist diversity in vegetated and bare soil areas from the intertropical desert of Tehuacán, Mexico, during dry and wet seasons. Overall, 27 protist species belonging to Amoebozoa, Discoba and Rhizaria were retrieved using culture-dependent methods. Among the soil protist groups found, Discoba (principally represented by Heterolobosea) was always the most prevalent taxa. Protist diversity was different between soil with vegetation and bare soil, principally during the dry season. Moreover, the electrical conductivity and pH of the soil were correlated with the protist species during the wet season. Our results support the hypothesis that soil protist diversity patterns exhibit a seasonal variation between dry and wet seasons. This seasonal variation likely relies on water availability, although the role of other environmental factors cannot be completely ruled out. In addition, the soils with vegetation could be a refuge for the amoeboid protists during the harsh soil conditions of dry seasons.
INTRODUCTION
Amoeboid protists constitute the most diverse functional category in soils (Geisen et al. 2018 ); they play a major role in nutrient cycling by preying on bacteria (Bonkowski 2004) , fungi (Geisen et al. 2016 ) and algae , subsequently releasing labile nutrients available for other microorganisms and plants into the soil (Geisen et al. 2017) .
Although the protists are dependent on the availability of water (Anderson 2000 , Griffiths et al. 2001 , desert soils host many amoeboid protists despite their low moisture and nutrient contents (Robinson et al. 2002 , Perez-Juárez et al. 2017 . While many soil factors drive their distribution at a local scale (e.g., pH and nutrients) (Geisen et al. 2014 , Lanzén et al. 2016 , water availability seems to always be the most limiting factor in arid soils (Whitford 2002) . This is why the harshness of arid soils is exacerbated during dry seasons, and many amoeboid protists withstand the challenges of low water availability and UV radiation prevailing in dry seasons only in soils covered with vegetation, as plants contribute to keeping water and nutrient levels relatively constant in the arid soil (Barness et al. 2009 , Li et al. 2011 , Sylvain and Wall 2011 . Indeed, evidence shows that in arid soils, unicellular diversity tends to be higher in soils covered by vegetation than in bare soils (Robinson et al. 2002; Rodríguez-Zaragoza and Steinberger 2004; Rodríguez-Zaragoza et al. 2005 a, b; Bamforth 2008; Barness et al. 2009; Fernández 2015) . Additionally, many protists simply cannot survive in an active state without water (Bamforth 1963) ; therefore, arid soils in dry seasons filter only taxa with physiological and morphological traits adequate to withstand the lack of water (Austin et al. 2004 , Geisen et al. 2014 , Fernandez 2015 . Most of these species, however, can withstand long periods of dormancy spent as cysts, a coccoid form that can withstand adverse conditions, including drought (Geisen et al. 2014) . Protist cysts from various species differ in their structure, ontogeny and surface properties (Foissner 2011) and probably also in their resistance to the harsh conditions encountered during the dry season.
This study was conducted in the intertropical desert of Tehuacán in Mexico. This desert is regarded as a biodiversity hotspot (Davila et al. 2002) , harboring even an endemic soil protist species (i.e., a testate amoeba species, Pérez-Juárez et al. 2017) . In this desert, the vegetation is dominated by Prosopis laevigata and Parkinsonia praecox (Fabaceae). Both species exhibit a patchy distribution interspersed with wide areas of bare soil. The two shrubs have ecophysiological features that may affect soil in different ways and can create microenvironments in the soil under their canopies, protecting it also from the climate of the desert that includes long periods of drought, typically interrupted by a short wet season (Barness et al. 2009; SerranoVázquez et al. 2013) In this context, we described the patterns and underlying causes driving amoeboid protist diversity in soils with vegetation and in bare soil areas during the dry and wet season in Tehuacán, an intertropical desert in Central Mexico. To do this, we used culture -and morphological-based approaches. The morphological-based approaches are valid for identifying ameboid protists because amoeboid protists are a polyphyletic group of eukaryotic unicellular organisms that use pseudopodia (i.e., extensions of cytoplasm) for movement and feeding. Pseudopodia vary in shape among taxa and, therefore, along with differences in patterns of locomotion, are regarded as valuable morphological traits to classify these protists into different groups (Fahrni et al. 2003; Pawlowski and Burki 2009) .
Therefore, we posit that the temporal dynamics of soil amoeboid protist populations can follow two patterns to be tested in our research: (1) Species are homogeneously distributed during the dry season, and less resistant populations decrease considerably in the bare soils but persist underneath plants, which act as a refuge. (2) Alternatively, all species present may have developed similar resistance mechanisms, and consequently, biodiversity remains unaltered. In this manuscript, we tested the likeliness of both scenarios and whether the first was retained. Additionally, we determined whether there was an effect of other related variables, such as soil characteristics and soil depth, on amoeboid protist species.
MATERIAL AND METHODS

Study area
Tehuacán Valley is a semiarid desert formed by the rain shadow effect of the Sierra Madre Oriental (Villaseñor et al. 1990 ). Alluvial terraces deposited by the Salado River constitute local landscapes with relatively flat surfaces and deep soils (López-Galindo et al. 2003) . The predominant soil units are calcareous regosols and fluvisols, according to FAO-WRB (López-Galindo et al. 2003 (Osorio-Beristain et al. 1996 , Valiente-Banuet et al. 2000 , Serrano-Vázquez et al. 2013 ). Both species form shrub patches that alternate with large areas of bare soil (Fig. 1) . Prosopis laevigata and Pa. praecox play key ecological roles because they provide a suitable habitat for other plants, microorganisms, birds, rodents, and insects that are critical for such processes as organic matter decomposition, seed dissemination, pollination, and plant establishment in the Tehuacán desert (Valiente-Banuet et al. 2000) .
Sampling
Three individual organisms of Pr. laevigata and three of Pa. praecox with similar morphological characteristics (3-3.5 m height, 2.5-2.9 m canopy diameter, and 0.2-0.3 m basal diameter), along with three bare soil sites in an alluvial terrace were selected (hereafter referred to as microhabitats). For each microhabitat, we collected soil samples during the wet season (September 2008; 27 samples) and dry season (May 2009; 27 samples). The soil samples were collected using a stainless steel corer (10 cm in diameter) beneath each selected shrub and from bare soil areas. Soil samples were collected from 0 to 30 cm deep in soil layers of 10 cm (0 to 10, 10 to 20 and 20 to 30 cm). A total of 54 soil samples were collected (three microhabitats by three replicates by three depths by two seasons = 54) and stored in self-sealing bags. Bags were deposited in a camp cooler to avoid overheating and stored at 4 ºC, after measuring the soil moisture and obtaining subsamples for soil amoeboid protists, until processing for the next analyses.
Physical and chemical soil properties
To examine the roles of two legume shrubs on amoeboid protist communities, we evaluated how Pr. laevigata and Pa. praecox modify the soil conditions in the first 30 cm of depth (in 10 cm intervals). All soil samples were analyzed separately for each physical and chemical property. The soil moisture content was determined by the gravimetric method after arriving at the laboratory (weighing samples before and after drying them at 110 ºC for 72 h; Ortiz and Ortiz 1980) . The soil composition (percentage of sand, silt, and clay) was determined using a hydrometer with a method described by Bouyoucos (1962) . This method takes into account the precipitation time of the particles and temperature (Medina et al. 2007 ). The pH was determined in a 1:2.5 soil solution in distilled water (Bates 1954 , Willard et al. 1958 ) using a potentiometer (Conductronic pH 120, pH Electrode BA17; Boeco, Hamburg, Germany). Electrical conductivity was determined from a soil extract with a soluble salt tester (Mark Kelway, model SST, Kel Instruments Co., Inc., Wyckoff, NJ, USA) following the manufacturer's instructions. Organic matter content was measured using humid combustion as described by Walkley and Black (1934) and available phosphorus (orthophosphates) based on Olsen's (1954) extraction method, using NaHCO 3 as the extractant (Cajuste 1986 ).
Isolation and identification of amoeboid protists
We obtained the amoeboid protists in triplicate for each soil sample immediately after arriving at the laboratory. All soil samples were analyzed separately. One gram of dry soil for each sample was added to 10 ml of 1:5 soil extract, and the suspension was thoroughly mixed by vortexing for five 15-s pulses in screw-capped glass test tubes. This suspended sample was then left untouched for 15 min to allow the sedimentation of heavy particles (Rodríguez-Zaragoza et al. 2005a ). All the supernatant was then gently transferred onto bacteria-free nonnutritive agar plates (Rodríguez-Zaragoza et al. 2005a) .
The amoeboid protists were allowed to settle on the agar for 2 h before withdrawal of the excess water, and both trophozoites and cysts were completely isolated with a Pasteur pipette, pulling out the end after heating it on a Bunsen flame to capture cells or cysts one by one, as described in Smirnov and Brown (2004) . The same person carried out a intentional, nonbiased and exhaustive sampling to select the amoeboid protists. All picked cells or cysts were individually transferred to new nonnutrient agar plates with soil extract to allow for their proliferation, and they later were identified after seven days of incubation at 28.5 °C. Amoeboid protist species were placed under a coverslip and morphologically identified using an Olympus CH2 phase contrast microscope based on classical amoeboid protist identification textbooks. The main bibliographic sources used in this study were Brown and De Jonckheere (1999) , Page (1976) , Page (1988) , and Smirnov and Brown (2004) . It is important to note that the optical resolution of the method used was lower than that of others; however, it is a practical method for cultures of amoeboid protists (Smirnov and Brown 2004) .
We prepared the soil extract by suspending 200 g of soil collected at each site in 1000 mL of distilled water and heating the mixture to 60 °C in a water bath for 6 h, then filtering it through a Whatman paper number 41 and autoclaving it for 15 min at 121 °C and 1.1 kg cm -2 pressure. The final solution was then stored at 4 °C until use (Rodríguez-Zaragoza et al. 2005b ).
Data analyses
The soil parameters such as moisture, organic matter content and percentage of sand, silt and clay were arcsine square root transformed to meet the assumptions of normality and equality of variances. The variance in soil data was analyzed with nested linear mixed effects models, in which season and habitat within season were considered fixed factors and soil depth within habitat was considered as a random factor. The models were fitted with the JMP statistical software version 8.0 (SAS Institute Inc., Cary, North Carolina, USA).
Based on morphological identification, we constructed a presence-absence matrix with all amoeboid species recorded in all samples analyzed. These data were used to evaluate the following parameters: 1) variation in richness of amoeboid protists by microhabitat and 2) relationship between richness of amoeboid protists and physical and chemical parameters of soil in each microhabitat. The richness of amoeboid protists was compared among microhabitats by constructing accumulation curves for each season. We estimated these curves with confidence intervals of 95% with the program EstimateS version 9 (Colwell 2013) .
The SØrensen (2c/a+b) method was employed to compare the similarity in the communities of amoeboid protists in the two seasons analyzed.
We analyzed the correlation between amoeboid protist composition in the three previously selected microhabitats and the soil parameters using canonical correspondence analysis (CCA). For each season, we constructed one matrix of microhabitat samples by amoeboid protists and another matrix of microhabitat samples by soil parameters. Amoeboid protists recorded only once were excluded from the analysis to avoid bias by rare protists. Analyses were performed using the envfit function implemented in the vegan package using R software version 2.9 (Oksansen et al. 2013) .
RESULTS
Physical and chemical soil parameters
The physical and chemical soil parameters varied according to season, microhabitat and soil depth. In general, soil had a loamy clay texture. Soil moisture was lower than 20%. The electrical conductivity showed values less than 1 mmhos cm -1 ; and the pH remained slightly basic. The contents of organic matter and available phosphorus were poor in all microhabitats. There were significant differences in the soil moisture, pH, sand and silt content between microhabitats during both dry and wet seasons, while organic matter was only significantly different in the dry season (Tables 1-2) .
Richness of amoeboid protists
Amoeboid protist was composed of species belonging to Amoebozoa, Discoba and Rhizaria. This composition varied according to season and microhabitat. However, species of Discoba (i.e., eruptive amoebae sensu Smirnoff and Brown 2004; Adl et al. 2018 ) were observed in all microhabitats in two seasons (Table 3) .
Considering soil microhabitats, we did not observe clear significant differences in the number of species, with the exception of bare soil during the dry season, where the species of amoeboid protists decreased below detection level (P < 0.05; Fig. 2) . Additionally, when comparing morphotypes, it was observed that during the wet season, the number of protist species with eruptive morphotypes decreased, and only during this season did the lingulate morphotype appear (Fig. 2) .
The rarefaction curves showed that during the dry season, the richness was higher in soils protected by the canopy of shrubs than in bare soil (Fig. 3a) . This protist diversity pattern, however, was absent during the wet season because amoeboid protist richness was similar in both soils protected by the canopy of shrubs and bare soils (Fig. 3b) .
The SØrensen analysis showed a similarity of 80% between the species of protists existing in the dry and wet seasons. We found 25 species during the dry season and 20 during the rainy season. Of all species, 18 were detected in both seasons, 7 were present only during the dry season, and only 2 were detected during the wet season.
Correlation analyses
The CCA showed that the correlation between amoeboid protists and soil parameters varied depending on the season (Fig. 4, Table 4 ). In the dry season, the first and second canonical axes explained 21-33% of the total variance. In the wet season, the first and second canonical axes explained 17-28% of the total variance (Fig. 4) . The electrical conductivity (P = 0.011) and pH (P = 0.037) were the only soil parameters significantly correlated with protists in the wet season (Fig. 4) . Silt (%) 33.4 ± 2.4b 40.6 ± 1.6a 42.9 ± 4.7a 39.5 ± 1.3ab 35.4 ± 2.9b 41.0 ± 1.9a
Clay (%) 23.4 ± 1.2 22.6 ± 1.4 24.4 ± 1.2 21.3 ± 0.7 20.0 ± 1.2 22.8 ± 0.7 EC (millimhos cm -1 ) 1.1 ± 0.3 1.7 ± 0.4 0.5 ± 0.2 2.3 ± 0.7 4.6 ± 0.9 4.6 ± 1.0 pH 7.7 ± 0.0b 7.6 ± 0.1b 8.3 ± 0.3a 7.7 ± 0.1b 7.7 ± 0.0b 7.4 ± 0.1a
Organic matter (%) 2.7 ± 0.2b 1.7 ± 0.2a 1.6 ± 0.5a 1.7 ± 0.2 1.7 ± 0.1 1.5 ± 0.1
Ortophosphates (mg kg -1 ) 5.2 ± 0.6 4.0 ± 0.3 3.0 ± 0.4 4.2 ± 0.3 3.8 ± 0.1 3.9 ± 0.2 
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DISCUSSION
The Tehuacán desert exhibits variation in the amoeboid protist community concomitant with marked seasonal changes. Bare soil amoeboid protists were strongly affected by seasonal changes because during the dry season, there was a drastic decrease in their richness, except for Heterolobosea, whereas amoeboid richness remained constant underneath both Pa. praecox and Pr. laevigata desert shrubs in wet and drought conditions. It has been shown that desert shrubs modify the soil physical and chemical parameters under their canopies (Serrano-Vázquez et al. 2013) .
In this study the pH was the only edaphic factor that was modified by the two shrubs in wet or drought conditions, in contrast to the bare soil. In addition, we found a correlation with the pH and electrical conductivity of soil that likely explains shifts in the diversity of amoeboid protist species. The pH and electrical conductivity could play a key role in the availability of nutrients in the soil (Stewart and Tiessen 1987, Braschi et al. 2003) . In soils with alkaline pH, mineral complexes with nutrients may be produced, making them unavailable to plants and many microorganisms (Tunesi et al. 1999) , as a consequence of evapotranspiration and salt accumulation that increase the electrical conductivity (Li et al. 2011 , Serrano-Vázquez et al. 2013 .
Thus, the pH and electrical conductivity are important in the microbial communities distributed in the soil (Avis et al. 2008 , Puignare et al. 2004 ) and, consequently, in the diversity patterns of many microeukaryotes, including amoeboid protists (Li et al. 2018 , Shen et al. 2014 ). In addition, remaining moisture, relatively moderate temperatures, and nutrient input from dead leaves are certainly favorable conditions for many amoeboid protists that inhabit the microhabitats with vegetation (Robinson et al. 2002) .
It can therefore be reasonably assumed that shrub canopies act as refugia for many protist species during the dry season in contrast to the bare soil. During the dry season, the community of protists in bare soils was poor, in contrast to the diversity found underneath shrubs. Additionally, all species found in bare soil samples also occurred in the samples from under shrubs and were almost only Heterolobosea. This pattern of diversity has been previously reported for protists from other hot deserts (Robinson et al. 2002 , Bamforth 2008 , Fernández 2015 . This suggests that this pattern of diversity is the result of nonrandom mechanisms, such as those mediated by a source-sink dynamics process (Fernández 2015) . Most likely, during the wet season, bare soils were only colonized by generalist species with particular traits that allowed them to survive (but not to establish permanent populations) in these harsh soils.
It has recently been shown that protist composition also responds to changes in soil moisture, especially regarding larger protists, which quickly disappear with decreasing soil moisture content (Geisen et al. 2014) . Most Amoebozoa and Rhizaria follow this pattern; in contrast, Heterolobosea does not seem affected by seasonal changes and can be found both under bare soils and canopies in any season. Heterolobosea includes several thermophilic species and seems phylogenetically well adapted to extreme heat, as is the case for some marine species and soil organisms (Dobson et al. 1997; De Jonckheere et al. 2011a, b) . They are known to respond quickly to rain pulses by explosive growth Table 3 . Amoeboid protist species recorded under the canopy of Prosopis laevigata and Parkinsonia praecox and the bare soil at three different depths (10, 20, and 30 cm) and two seasons: dry (D) and wet (W). ND = not determined, sp = organisms that could not be identified at the species level. episodes (Bass and Bischoff 2001) . This strategy seems well suited to desert soils, and these organisms are commonly found in these environments (Ekelund and Ronn 1994 , Foster and Dormaar 1991 , Bass and Bischoff 2001 . Heterolobosea seem therefore to be very competitive in desert environments and to have welladapted year-round resident populations in deserts (Bass and Bischoff 2001) . This idea is supported by the observation that protists with Heterolobosean morphology (i.e., eruptive amoebae) have been recorded in several hot deserts across several continents (Robinson et al. 2002 , Mayzlish-Gati and Steinberger 2007 , Dumac et al. 2016 ). Because Heterolobosea is the group that is more diverse in this desert, we suggest that heat positively selects for it against other protists in desert soils, but experiments and additional studies are needed to explore this idea. However, we suggest that these protists can withstand adverse desert conditions by entering a dormant life stage (i.e., cysts), while their other life states help them to survive during active stages in the dry and heat of desert conditions. Additionally, although many soil protists are capable of producing cysts, these structures have different morphological, physiological and persistence parameters and resist different adverse conditions (Geisen et al. 2018) ; thus, the cysts of Heterolobosea could be more resistant than the other soil protists. The exact identity of these Heterolobosea still remains to be determined, as this group contains many forms that cannot be distinguished by morphology alone (Anderson et al. 2011 , Harding et al. 2013 , Geisen et al. 2015 . Molecular makers should be helpful to analyze the identities and diversity of this important protist group in future research.
CONCLUDING REMARKS
In strong agreement with previous studies, our study showed that in deserts, soil beneath shrubs exhibit richer soil protist communities than bare soils. This is very likely because shrubs provide shelter and other conditions that promote the development of soil amoeboid protists.
We also found that the species were distributed homogeneously during the wet season; however, the less resistant species died or their populations decreased considerably in the bare soil during the dry season, but they persisted under two desert shrubs that we investigated, which acted as refugia. Finally, we remark that thermophilic Heterolobosea can withstand adverse conditions (i.e., heat and low moisture) during all seasons and probably constitute the resident population of heterotrophic protists in many deserts. Given the essential role played by small heterotrophic protists in soils, Heterolobosea are most likely to constitute keystone organisms in arid ecosystems. 

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